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Basic Design of UV Rotational Raman Lidar 
for Temperature Measurement of the Troposphere 
Dongsong SUN* and Takao KOBAYASHI* 
(Received Feb. 26, 1999) 
Basic analysis of practical rotational Raman lidar (laser radar) system for the 
temperature measurement of the troposphere is presented. The eye-safe UV laser 
of 355nm wavelength is selected as the transmitter and anti-Stokes lines of the 
rotational Raman backscatter are used for the temperature determination. From the 
system design, it is concluded that the temperature accuracy of 1 K can be obtained 
up to 10km height with 5W average laser system. 
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1. Introduction 
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The advantageous features of laser remote probing techniques have attracted much attention 
and led to the development of lidars or laser radars for measuring various atmospheric parameters 
such as composition, optical properties, and meteorological condition. A variety of interaction 
phenomena accompanying laser light propagation through the atmosphere makes it possible to 
obtain information about the meteorological parameters, i.e., temperature, humidity, and wind 
speed. Temperature is one of the basic atmospheric parameters and global measurements are 
required in essentially all weather for climate prediction. There has been an extensive radiosonde 
network in the globe established to meet this need. The problem to be solved, however, is the 
resolution of altitude and accuracy. The vertical temperature of current sondes is limited to 5 to 8 
km with the limitations in temperature accuracy to ~2KI). In the past, four lidar techniques have 
been investigated to obtain improved measurements of the atmospheric temperature, i.e., the two-
wavelength differential absorption lidar (DIAL)2); the Rayleigh molecular density method3); the 
Rayleigh spectral width method4); and the rotational Raman scatter methodS). However, none of 
these systems have been used as practical and reliable sensing systems for the temperature 
measurement of the troposphere. 
The rotational Raman method was first suggested by CooneyS). The temperature accuracy of 
4K was obtained at the low altitude. In recent decade, the temperature profile by this method has 
been extended from troposphere to stratosphere6) using the visible lasers of 532nm wavelength 
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with the results of reasonably good agreement with sonde measurements. As the Mie and Rayleigh 
elastic backscatter must be eliminated in this method, high rejection and efficient filters are-
required. 
In this paper we will compare and optimize the sensitivity of the rotational Raman lidar and 
show that UV wavelength is superior for the lidar system. The principle and basic design of the 
rotational Raman lidar for practical and operational temperature measurement are presented 
together with the simulation results of the sensitivity of the Raman lidar system. 
2. Principle of temperature measurement with rotational Raman backscatter 
The rotational Raman spectrum contains two side-bands, 0 (anti-Stokes) and S (Stokes) 
branches of approximately equal amplitude. These branches are positioned spectrally 
symmetrically on both side of the exciting line. The intensity of rotational Raman backscatter line 
is given by 7) 
(1) 
where 10 is the laser intensity of incident beam, No is the number density of atmospheric molecules 
under study, FJ is the rotational fraction of molecules in the rotational quantum state J, daldn is 
the rotational differential cross section from the state J to J', and PRam is the volume backscattering 
coefficient given by PRam=NoF;{daldil). An approximate expression for FJ for a gas in thermal 
equilibrium at a temperature Tis 
2J + 1 2hcB - She J(J+l) 
F = g e kT (2) 
J J (21 + 1) 2 kT ' 
where gJ is a statistical weight factor (equal to 6 and 3 for even and odd N2 lines, and 0 and 1 for 
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Fig.1 Volume backscatter coefficients of Raman anti-Stokes line (1=6), Rayleigh and Mie 
backscatter as a function of laser wavelength. The US atmosphere standard is used. 
even and odd O2 lines, respectively), 1 is the nuclear-spin quantum number (1 for N2, 0 for 02), B 
is the molecular rotational constant (1.98973cm-1 for N2 and 1.4378cm-1 for O2). The differential 
cross section for anti-Stokes Raman line is expressed as 
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du 641l'4 3J(J -I) ( ~)4 2 
dO 45 2(2J + 1)(2J _ 1) lOo + m r , (3) 
where y'is the anisotropy of the molecular-polarizability tensor (0.518xIO-48cm6 for N2, and 
1.35x10-48cm6 for 02). Am is the Raman shift, which is (4J-2)B for anti-Stokes line. 
The volume backscattering coefficients of Raman rotational scatter and Rayleigh scattering 
for 355nm laser wavelength are plotted for the air molecules of N2 and 02 in Fig.I. The 
backscatter coefficient of anti-Stokes line (J=6) of Raman backscatter is more than 3 order smaller 
than that of the Rayleigh backscatter. So the rejection of 105 is required for the practical 
measurement with the signal-to-noise ratio of 102• In UV wavelength, the Mie backscatter is 
smaller than the Rayleigh backscatter. But in visible wavelength, the Mie backscatter is strong and 
the rejection is required higher than 106• On the other hand, with the altitude increasing the Mie 
backscatter can be neglected, the rejection for different wavelength is almost same because the 
ratio of the Raman backscatter to the Rayleigh backscatter becomes constant. 
The rotational Raman backscatter spectrum is calculated and plotted in Fig.2. As the 
backscatter intensities of the rotational Raman lines are temperature dependent, the ratio of the two 
selected line intensities of Stokes or anti-Stokes lines can be used for temperature determination. 
For anti-Stokes lines, the ratio from Eq.(I) is given by 
R(T) = J I (JI -1)(2J2 -I) (lOO + ~ml J4 e -~~[Jl(Jl+I)-J2(J2+1)] 
J 2 (J2 -1)(2J1 -I) lOo +~m2 
(4) 
where J 1 and Jz are the quantum numbers of these two lines respectively. The change of PRam for 
1 K temperature is defined as the temperature coefficient expressed as 
{} = dPRam = P Bhc [J(J + 1)]. 
T dT Ram kT2 (5) 
In the low temperature, the temperature coefficient increases. The coefficient for N2 molecule is 
higher than that of 02. The nonnalized temperature sensitivity Or is shown in Fig.3. It can be seen 
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Fig.2 The spectrum of volume backscattering coefficient of the rotational Raman lines 
and the Rayleigh line for the atmospheric N2 and 02 molecules at 300K with the 
incident laser wavelength of354.7nm. 
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that the absolute values of coefficients of anti-Stokes lines 4, 6, 14 and 16 are relatively high. But 
the volume backscatter coefficient is low for the large quantum number. In practical measurement, 
two filters (filter-l and filter-2) are located at the lines of Jl and h and several rotational lines of 
N2 and 02 molecules are detected because of filter width. The difference of the volume backscatter 
coefficients for these two lines varying with unity temperature change can be defmed as the 
temperature sensitivity y, which is related to the temperature measurement accuracy, given by 
r = :r[PRollf(J\)- PRam (J2 )]· (6) 
Figure 4 shows the temperature sensitivity with the selection of two lines J 1 and h. The 
sensitivity of Stokes lines is little higher than that of anti-Stokes lines for the same J 1. The 
optimum line pairs are (4, 14) and (6, 14) for Stokes and anti-Stokes. Considering the rejection of 
elastic backscatter, the reasonable selection will be (6, 14) line pair. 
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Fig.3. Temperature coefficient of rotational Raman lines as a function of the quantum 
number for N2 at the temperature of 300K. 
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Fig.4 Variation of the temperature sensitivity with the quantum number J1 and h for 
Stokes and anti-Stokes lines ofN2 molecule. 
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3. Rotational Raman Iidar system 
Since the rotational Raman lines are very close to the intense Mie and Rayleigh backscatter, 
high rejection filters are necessary8). Because the Stokes lines may contain the fluorescence noise 
depending on the aerosol species9), the anti-Stokes line is preferable for the temperature 
measurement. Narrow bandwidth filters are also necessary for daytime measurement to reject the 
background noise. The double path diffraction grating is expected for the Raman lidar system. 
The diagram of the rotational Raman lidar system is shown in Fig.5. The designed parameters 
of the lidar system are given in Table 1. The system uses the Nd:YAG laser, frequency tripled 
beam at 355nm with 20Hz repetition and 1 W average power. The backscatter light is collected by 
the telescope with a diameter of 250mm. The two gratings used in series can separate the Mie and 
anti-Stokes line (J=6) by about 0.5mm. Two pinholes are placed at the focus plane after the second 
grating for the two-channel detection. The photomultipliers with photon counters receive the 
scattered light. 
Fig.5. Schematic of the UV rotational Raman lidar for temperature profiling of the troposphere. 
Table 1. System parameters of the Rotational Raman lidar 
Laser: Nd: Y AG 
Wavelength (A.) 
Energy per pulse (E) 
PRF 
Optics: 
Telescope diameter 
FOV 
Total transmission T 
354.7nm 
50mJ, (5mJ) 
20Hz, (1kHz) 
250mm 
O.lmrad 
0.2 
Detector: PMT Photon counting 
Quantum efficiency (1]) 30% 
InA Dark current 
Solar irradiance10) 
Grating: 
1.1 83W/m2/nm 
Bandpass LiA 
Groove density 
The number of received photo-electrons is given by the well-known lidar equation 
1]EA. A 2 
n:::; -Y(R)PRamM-2 TalmTsys (7) 
he R 
and PRam:::; L:tN (N2 )da(AJ )/dQIN2 +N(02)da(AJ)/dnloJ'/(A) (8) 
J 
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N 
(9) 
where m is the laser pulse accumulation number, nb is the number of background photo-electrons, 
nd is the number of the dark current electrons. In the daytime the background intensity can be 
considered to be 0.34/0(A.)IJtl), where 10(,1.) is the solar irradiance at the top of the atmosphere. The 
evaluated error e of temperature measurement can be calculated by 
1 
e=----(SI N)·Or ' (10) 
where SIN is the signal-to-noise ratio for the measurements of the atmospheric backscattered 
signals from two channel detectors. The anti-Stokes line pair of (6,14) is chosen for the 
temperature measurements according to the discussion in Section 2 at the wavelength 353.92nm 
and 353.32nm. From the Eqs.(4) and (6), the temperature can be deduced by the ratio of received 
photons for these anti-Stokes lines expressed by 
n(~) ~[FJP(N2)+FJP(N2)V(~) !. 
--= =ae r 
n(A.2) ~[FJP(N2) + FJP(N2)V(A.2) 
(11) 
If the filter bandwidth is designed to be O.4nm and 0.6nm, a and b are constants given as 
theoretically 0.338 and 344.5, respectively. In the practical experiment, the values of a and b are 
experimentally decided for the system. 
4. Numerical results of system sensitivity and discussion 
From Eqs.(5), (8) and (10), the temperature measurement error is calculated. In Fig.6, the 
temperature error and filter width relation is compared at the height of 1km. The spectral centers of 
filter-1 and filter-2 are chosen with the line pair of Jl=6 and J2=14, the filter-2 width is 
preliminarily selected by minimizing the temperature error. Considering that the output of the 2nd 
harmonic of Nd:YAG laser is two times higher than that of the 355nm 3rd harmonic, the laser 
energy of 532nm wavelength is selected to be 100mJ and 50mJ, respectively. The filter width for 
532nm is selected wider than that for 355nm, because the Raman wavelength shift is large at 
longer wavelengths. For the night measurement, the minimum temperature error for 532nm 
wavelength is little larger than that of 355nm wavelength. The optimum width of filter-1 can also 
be found. 
The temperature error of the lidar system with the system parameters of Table 1 is calculated 
in Fig.7. The temperature accuracy of 2K can be obtained up to about 8km height with our 
laboratory system. It shows the accuracy of 1 K at lOkm height with the advanced system of the 
average laser power of 5W (laser energy of 5mJ and the PRF of 1kHz). As the temperature 
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coefficient increases in lower temperature, the measurement error for high altitude will be less than 
the value shown in Fig. 7, because the temperature generally decreases with height. 
0.5 
0.4 
g 
~ 0.3 I 0.2 
5 
~ 0.1 
0.0 
0.0 0.5 1.0 1.5 2.0 
Filter width ,;\AI (nm) 
Fig.6 Change of temperature accuracy with filter width LU for 355nm and 532nm 
wavelength at lkm height for J1=6 and J2=14 line pairs. 
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Fig.7 Temperature accuracy versus height relation for the night and daytime measurement. 
The two anti-Stokes lines of Jl=6 and J2=14 are detected. 
5. Conclusion 
A rotational Raman lidar for tropospheric temperature measurement is proposed and 
evaluated. The UV 355nm laser can be used in the system because of high temperature accuracy 
comparing with that of the visible laser and eye-safety characteristics. The temperature accuracy is 
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dis~ussed for optimizing the filter position. The filter spectral parameters are discussed. Two 
gratings are used in the system to get the rejection of more than 105 for Mie and Rayleigh 
backscatter. From previous experiments of rotational Raman lidar, the anti-Stokes line is suggested 
in the measurement. The temperature error of 2K can be obtained up to 8km with the laser of 1 W 
average power. With the laser of 5W average power for 10 minute observation time, it is expected 
that the accuracy of 1 K can be attained up to 10km height. 
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